This paper assessed the service life of RC bridges subjected to carbonation under a changing climate based on time-dependent reliability analysis. First, a simplified carbonation model and the corresponding incremental method were briefly reviewed. Then, the fatigue damage prediction model and climate model were briefly introduced. Afterward, the Monte Carlo simulation-based time-dependent reliability analysis procedure for service life assessments was presented, which integrated the carbonation depth prediction model, fatigue damage prediction model and climate model. Based on the analysis procedure, a comprehensive case study was conducted to estimate the effects of climate change, fatigue damage, concrete cover thickness and concrete grade on the service life under different reliability levels. The case study showed that the service life under a reliability level of 2 is around half of that under the reliability level of 1. Under the reliability level of 1.5, the service life under RCP8.5 (a high emission scenario defined by Intergovernmental Panel on Climate Change) can be 28 years shorter than that under no climate changes. The service life at girder top undergoing compressive fatigue damage can be 49% shorter than that without fatigue damage and 25 years shorter than that at girder bottom undergoing tensile fatigue damage. The service life at girder top with a concrete cover thickness of 45 mm can reach 2.6 times that with a concrete cover thickness of 25 mm. The service life of C50 concrete can reach approximately 2-3 times that of C30 concrete. These findings inform civil engineers that for existing RC bridges, the effects of climate change and fatigue damage should be properly considered when the remaining service life of RC bridges is concerned. Moreover, for planned RC bridges, higher concrete grade and thicker concrete cover are two effective choices to achieve a longer service life.
Introduction
Corrosion of steel reinforcements is the key to deterioration of the mechanical performance of reinforced concrete (RC) members and structures [1] [2] [3] [4] [5] . Hence, a reliable assessment of the time to corrosion initiation in RC structures is of great importance for engineers and/or stakeholders to schedule timely maintenance and prevent severe corrosion-induced damage. Under a common atmospheric environment, when the carbonation depth reaches steel reinforcements and decreases the alkalinity there, steel reinforcements begin depassivation and corrosion in the presence of oxygen and water. Consequently, as one of main causes of corrosion initiation, the carbonation issue of concrete has drawn significant attention [6] [7] [8] [9] [10] [11] [12] [13] .
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where [CH] 0 , [CSH] 0 and ϕ pc are molar concentration (mol/m 3 ) of calcium hydroxide (Ca(OH) 2 denoted by CH) in concrete, molar concentration (mol/m 3 ) of calcium silicate hydrate (3CaO·2SiO 2 ·3H 2 O denoted by CSH) in concrete and porosity of carbonated cement paste, respectively; RH, T and [CO 2 ] are relative humidity, temperature ( • C) and molar concentration (mol/m 3 ) of CO 2 in the exposed environment; ε r is the residual strain at exposed surface which represents the effect of fatigue damage; t is the exposure duration (sec); k 0 , k 1 , k 2 , k 3 , k 4 , k 5 , k 6 and θ are fitting or calibrating coefficients. It is worth emphasizing that Equation (1) holds only if the fatigue damage of concrete and exposure conditions keep as constants during the exposure duration. However, both fatigue damage and environmental actions are time-variant [11, 16] . To consider these time-variant effects, an incremental method can be used [19] . As illustrated by Figure 1 , the incremental method uses the carbonation depth at t n to calculate the carbonation depth at next time point t n+1 . It is assumed that during a certain time interval between t n and t n+1 , the exposure conditions (RH, T, CO 2 ) and fatigue damage (ε r ) have achieved their respective average values (RH n+1/2 , T n+1/2 , [CO 2 ] n+1/2 and [ε r ] n+1/2 ) between those values at t n and t n+1 . Hence, with RH n+1/2 , T n+1/2 , [CO 2 ] n+1/2 and [ε r ] n+1/2 , Equation (1) can be used to describe the carbonation depth evolution between t n and t n+1 , as follows:
x c = f (· · · ; RH n+1/2 , T n+1/2 , [CO 2 ] n+1/2 ; [ε r ] n+1/2 ; t) (2) However, at t n , carbonation depth has reached [x c ] n . Consequently, before calculating [x c ] n+1 , the equivalent time t * n required to reach [x c ] n under the constant environmental actions of RH n+1/2 , T n+1/2 and [CO 2 ] n+1/2 and determined fatigue damage [ε r ] n+1/2 should be calculated inversely by Equation ( 2) as follows:
Accordingly, the carbonation depth [x c ] n+1 at t n+1 can be calculated by Equation (4) as illustrated in Figure 1 :
[x c ] n+1 = f · · · ; RH n+1/2 , T n+1/2 , [CO 2 ] n+1/2 ; [ε r ] n+1/2 ; t * n+1 (4) in which, t * n+1 = t * n + τ and τ = t n+1 − t n . In such a way, the carbonation depth predictions in concrete under time-variant environmental actions and fatigue damage are addressed. Moreover, it can be seen from above discussion that time-varying residual strain, relative humidity, temperature and CO 2 concentration are prerequisites if one wants to use the simplified carbonation model and the corresponding incremental method to predict carbonation depth developments in RC bridges under changing climate conditions and repeated traffic loads. The fatigue damage prediction model and climate model, which are able to predict time-varying residual strain and environmental actions at the exposed concrete surfaces, will be briefly introduced in Sections 3 and 4, respectively. 
Fatigue Damage Prediction Model
As expressed in Equation (1), the effects of traffic loads on the carbonation processes reside in the residual strain at the exposed surface. The authors [15] have proposed a fatigue damage prediction model which could predict the residual strains over a cross section with considerations of stress and strain redistributions during fatigue loading cycles given the (repeated) axial load and moment on the cross section. Figure 2 illustrates a representative cross section with stress and strain distributions during fatigue loading. As shown by Figure 2b , the strain is composed of two parts: the elastic strain εe(z,t) and the fatigue creep strain εcrp (z,t) . Hence, the time-varying strain distribution on the cross section can be calculated by Equation (5) . (5) in which, the original point of coordinate z is set at the centroid of the cross section (see Figure 2a ); ε(0,t) and κ(t) denote the strain at the original point and the curvature (1/mm) of the cross section, respectively, at time point t, which can be calculated by Equations (6) and (7) , respectively.
where P and M are axial load (N) and moment (N•mm) on a cross section; I and A are the moment of inertia (mm 4 ) and area (mm 2 ) of the cross section; b(z) is the width of the cross section (mm); ct and cb are distances (mm) of the centroid axis to the top and bottom surfaces of the cross section, respectively; Ec is the elastic modulus of concrete (MPa); εcrp(z,t) is the time-varying distributions of fatigue creep strain. Only elastic strains generate stresses on the cross section. Thus, the time-varying stress distributions can be calculated by Equation (8). 
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where P and M are axial load (N) and moment (N·mm) on a cross section; I and A are the moment of inertia (mm 4 ) and area (mm 2 ) of the cross section; b(z) is the width of the cross section (mm); c t and c b are distances (mm) of the centroid axis to the top and bottom surfaces of the cross section, respectively; E c is the elastic modulus of concrete (MPa); ε crp (z,t) is the time-varying distributions of Sustainability 2020, 12, 1187 5 of 18 fatigue creep strain. Only elastic strains generate stresses on the cross section. Thus, the time-varying stress distributions can be calculated by Equation (8) .
As shown by Equations (5) and (8), the time-varying fatigue creep strain distribution is of essence to calculate the time-varying strain and stress distributions on the cross section during fatigue loading. Under constant-amplitude fatigue loads, the fatigue creep strain of concrete evolves following Equation (9) [15] .
In Equation (9), a 0 and b 0 are calibrating coefficients with test data; N and f r are fatigue load cycles and frequency (cycles/hour), respectively (i.e., N/f r is time in hours); σ m and ∆σ denote the mean stress and stress range (N/mm 2 ), respectively; f c is concrete strength (N/mm 2 ). Because stresses on a cross section redistribute during fatigue loading process, the mean stress and stress range at each height z may be time-varying and should be updated cycle by cycle through an incremental method when Equation (9) is used to calculate the fatigue creep strain distributions. More details about the incremental method can be found in Jiang et al. [15] . Moreover, through setting P and M in Equations (6) and (7) as zero, we could calculate residual stresses and strains over a cross section by Equations (8) and (5) , respectively. In such a way, the time-evolving residual strains at the bottom and top points of a cross section during the fatigue loading process can be predicted. In summary, for a cross section in an RC bridge with determined geometric features (I, A, h, c b , c t and b(z)), concrete properties (E c and f c ) and calibrating coefficients (a 0 and b 0 ), through inputting fatigue load information (P max , P min , M max , M min and f r ), the fatigue damage prediction model outputs time-variant stress and strain distributions (including residual ones) over the cross section.
Climate Model
IPCC defined four representative concentration pathway (RCP) scenarios in its 2013 report, i.e., RCP2.6, RCP4.5, RCP6 and RCP8.5, to describe future global climate changes [20] . Under each RCP scenario, the annual mean values of the atmospheric CO 2 concentration by the year 2100 are illustrated by Figure 3 . Corresponding to each RCP scenario, the annual mean value of atmospheric temperature also changes year by year. Figure 4 illustrates the annual mean values of atmospheric temperatures in Shanghai under RCPs by the year 2100. Theoretically, the amount of moisture in air will increase as global warming accelerates the evaporation of water from the ocean to the atmosphere. However, no significant increase of annul relative humidity has been found in field monitoring data in the past decades [24] . Hence, IPCC did not report the changes of atmospheric relative humidity in its 2013 report. In this paper, we accepted the assumption that the annual mean values of relative humidity are time-invariant and keeps its value at the year 2013. In Figures 3 and 4 , the horizontal straight line represents a supposed climate case that the CO 2 concentration and temperature in the year 2013 through 2100 will keep the same as their respective annual mean values in 2013. That is, this is a case without climate change. 
Service Life Assessment Based on Time-Dependent Reliability Analysis

Summary of Random Variables
The random variables involved to conduct probabilistic analysis are summarized in Table 1 . These random variables are categorized into four groups: concrete parameters, environmental actions, fatigue load and model parameters. Among them, environmental actions are considered as stochastic processes with annual mean values taken as those illustrated in Figures 3 and 4 for CO2 concentration and temperature, respectively, under each RCP scenario (take Shanghai as an example). The relative humidity is assumed as a stationary stochastic process with the annual mean value taken as the same as the one in the year 2013. The environmental actions at each year can be assumed to follow normal distributions with empirically chosen coefficients of variations (CVs). Moreover, following the assumption made by Bastidas-Arteaga et al. [2] , the moment induced by traffic loads (ML) is considered as a time-invariant random variable, instead of a time-variant stochastic process, for simplicity. With a group of samples of random variables, stochastic processes and other necessary parameters, the time-varying carbonation depths can be predicted by the simplified carbonation model and the incremental method introduced in Section 2. 
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Summary of Random Variables
The random variables involved to conduct probabilistic analysis are summarized in Table 1 . These random variables are categorized into four groups: concrete parameters, environmental actions, fatigue load and model parameters. Among them, environmental actions are considered as stochastic processes with annual mean values taken as those illustrated in Figures 3 and 4 for CO 2 concentration and temperature, respectively, under each RCP scenario (take Shanghai as an example). The relative humidity is assumed as a stationary stochastic process with the annual mean value taken as the same as the one in the year 2013. The environmental actions at each year can be assumed to follow normal distributions with empirically chosen coefficients of variations (CVs). Moreover, following the assumption made by Bastidas-Arteaga et al. [2] , the moment induced by traffic loads (M L ) is considered as a time-invariant random variable, instead of a time-variant stochastic process, for simplicity. With a group of samples of random variables, stochastic processes and other necessary parameters, the time-varying carbonation depths can be predicted by the simplified carbonation model and the incremental method introduced in Section 2. Traffic load effect M L Model parameters θ, a 0 , b 0 , k 0 , k 1 , k 2 , k 3 , k 4 , k 5 and k 6
Time-Dependent Reliability Analysis Procedure
In this paper, the service life of an RC bridge subjected to carbonation is defined as the time to corrosion initiation induced by carbonation of concrete, i.e., the time when carbonation depth gets through the concrete cover and reaches the surface of steel reinforcements. Then, the limit state function can be expressed by Equation (10):
where x cov is the concrete cover thickness; x c (t) is the time-varying carbonation depths. Hence, the time-varying failure probabilities and reliability indexes can be calculated by Equations (11) and (12), respectively.
Monte Carlo method was used to calculate the time-dependent failure probability and corresponding reliability index, as illustrated by Figure 5 . First, generate N samples for each random variable summarized in Table 1 . For each environmental action, i.e., temperature, relative humidity or CO 2 
Case Study
Problem Description
A representative RC bridge was built in 2013 in Shanghai to support the highway network there, in which the RC girder is prestressed and simply supported on the piers, as illustrated by Figure 6 . It is thus of interest to assess the service life of this RC girder under the context of global climate change and repeated traffic loads by the year 2100. The effects of climate change, fatigue damage, concrete cover thickness and concrete grade on the service life of this RC bridge are particularly concerned. The dimensions and representative initial stress distributions of the cross section of the prestressed RC girder are shown in Figure 6 . Geometric features and loads of the cross section are summarized in Table 2 . PD and MD are axial force and moment resulting from dead loads including gravity effects and prestressing forces. ML is the moment induced by traffic loads. Following Bastidas-Arteaga et al.'s work [2] , it is assumed that the fatigue loading frequency does not change over time and takes 20,000 cycles/year. Three different commonly used concrete grades, i.e., C30, C40 and C50, were designed, according to the China Industry Standard [25] . The mix design of these concretes are shown in Table 3 . The material and mechanical properties of these concretes are shown in Table 4 . Three different climate conditions were considered: (i) 2013, (ii) RCP4.5 and (iii) RCP8.5. The climate condition 2013 means that the annual mean values of environmental actions, including RH, T and CO2 concentration, are taken as the same as those in 2013, i.e., ignoring climate change. The climate conditions RCP4.5 and RCP8.5 refer to those discussed in Section 4. In other words, climate conditions 
Case Study
Problem Description
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Random Variables and Stochastic Processes
Distributions of random variables involved in this case study are summarized in Table 5 . Except for ML which is assumed to follow lognormal distributions following Bastidas-Arteaga et al.'s work [2] , all other variables are assumed to follow normal distributions. The mean values of material and mechanical properties of designed concretes are shown in Table 4 ; the CVs of concrete strength and elastic modulus are assumed to be 0.15 and 0.12 following Bastidas-Arteaga et al.'s work [2] and Peng and Stewart's work [23] , respectively; the CVs of [CH] 0 , [CSH] 0 and φpc are taken as the same as those assumed by Thiery et al. [22] . The means and CVs of model parameters k0, …, k6 are taken from Refs. [19] and Thiery et al. [22] , respectively. The mean and CV of θ follow the recommendations made by Jiang et al. [19] . The means of a0 and b0 are taken from Jiang et al. [15] and three different CVs are assumed for them and ML to investigate influences of fatigue damage on the time-dependent reliability. The means of [CO2](t) and T(t) under each RCP scenario are illustrated in Figure 3 and Figure 4 , respectively. In climate 2013 case, the means of [CO2](t) and T(t) are taken as the same as the annual mean values in the year 2013. In either climate 2013, RCP4.5 or RCP8.5 case, the mean of RH(t) is assumed as a constant, i.e., 71.32%, the annual mean value of RH in Shanghai in 2013, as discussed in Section 4. Three different CVs of environmental actions under each climate condition are adopted to explore the effects of variations of environmental actions on the time-dependent reliability. A reference case is defined to comprise C40 concrete under RCP4.5 with other distribution Note: m w , m c , m ca and m sa are the contents of water, cement, coarse aggregate and fine aggregates, respectively, in a unit volume of concrete; a max and ρ ca are the maximum particle size and density of coarse aggregates, respectively. 
Distributions of random variables involved in this case study are summarized in Table 5 . Except for M L which is assumed to follow lognormal distributions following Bastidas-Arteaga et al.'s work [2] , all other variables are assumed to follow normal distributions. The mean values of material and mechanical properties of designed concretes are shown in Table 4 ; the CVs of concrete strength and elastic modulus are assumed to be 0.15 and 0.12 following Bastidas-Arteaga et al.'s work [2] and Peng and Stewart's work [23] , respectively; the CVs of [CH] 0 , [CSH] 0 and ϕ pc are taken as the same as those assumed by Thiery et al. [22] . The means and CVs of model parameters k 0 , . . . , k 6 are taken from Refs. [19] and Thiery et al. [22] , respectively. The mean and CV of θ follow the recommendations made by Jiang et al. [19] . The means of a 0 and b 0 are taken from Jiang et al. [15] and three different CVs are assumed for them and M L to investigate influences of fatigue damage on the time-dependent reliability. The means of [CO 2 ](t) and T(t) under each RCP scenario are illustrated in Figures 3 and 4 , respectively. In climate 2013 case, the means of [CO 2 ](t) and T(t) are taken as the same as the annual mean values in the year 2013. In either climate 2013, RCP4.5 or RCP8.5 case, the mean of RH(t) is assumed as a constant, i.e., 71.32%, the annual mean value of RH in Shanghai in 2013, as discussed in Section 4. Three different CVs of environmental actions under each climate condition are adopted to explore the effects of variations of environmental actions on the time-dependent reliability. A reference case is defined to comprise C40 concrete under RCP4.5 with other distribution parameters specified in Table 5 . When the effects of climate change, fatigue damage, concrete cover thickness or concrete grade were about to investigated, the investigating factor or parameter was subject to change while all other factors or parameters were taken as the same as those in the reference case (see Table 5 ). In the calculations, the sample number was set as 1,000,000 for each random variable. The calculations were realized by a desktop with an Intel(R) Core(TM) i7-9700K CPU @ 3.60 GHz and an RAM of 32 GB. Figure 10 shows the typical time-varying residual strain samples for C40 concrete at the girder top with CVs of M L and a 0 /b 0 taken as 0.2 and 0.25, respectively. Figure 11 parameters specified in Table 5 . When the effects of climate change, fatigue damage, concrete cover thickness or concrete grade were about to investigated, the investigating factor or parameter was subject to change while all other factors or parameters were taken as the same as those in the reference case (see Table 5 ). In the calculations, the sample number was set as 1,000,000 for each random variable. The calculations were realized by a desktop with an Intel(R) Core(TM) i7-9700K CPU @ 3.60 GHz and an RAM of 32 GB. Figures 7-9 illustrate representative samples for time-varying stochastic CO2 concentration, temperature and relative humidity, respectively, under RCP4.5 with an identical CV of 0.25. Figure  10 shows the typical time-varying residual strain samples for C40 concrete at the girder top with CVs of ML and a0/b0 taken as 0.2 and 0.25, respectively. Figure 11 Figure 12 shows the effects of climate change on the time-dependent reliability indexes predicted at the RC girder bottom and top with tensile and compressive fatigue damage, respectively. Through comparing the cases under 2013 climate conditions, RCP4.5 and RCP8.5 with the same CV, it is found that the more severely the climate changes, the faster the reliability index drops with time. This is caused by the fact that the severer the climate change, the higher the annual mean values of temperature and CO2 concentration, which undoubtedly lead to deeper carbonation depths given the same exposure time. Moreover, under the same climate condition, the variations of the environmental actions have noticeable effects on the time-dependent reliability indexes. As shown by Figure 12 , no matter it is at the girder bottom or top, under the same climate condition, either 2013, RCP4.5 or RCP8.5, the higher are the CVs, the faster does the reliability index decline with time. With time-varying reliability indexes, the service life can be identified at girder top and bottom under different climate conditions. Table 6 shows the service life of the RC girder with reliability indexes of 1, 1.5 and 2, corresponding to low, medium and high reliability levels, respectively. As shown by each column of Table 6 Figure 12 shows the effects of climate change on the time-dependent reliability indexes predicted at the RC girder bottom and top with tensile and compressive fatigue damage, respectively. Through comparing the cases under 2013 climate conditions, RCP4.5 and RCP8.5 with the same CV, it is found that the more severely the climate changes, the faster the reliability index drops with time. This is caused by the fact that the severer the climate change, the higher the annual mean values of temperature and CO 2 concentration, which undoubtedly lead to deeper carbonation depths given the same exposure time. Moreover, under the same climate condition, the variations of the environmental actions have noticeable effects on the time-dependent reliability indexes. As shown by Figure 12 , no matter it is at the girder bottom or top, under the same climate condition, either 2013, RCP4.5 or RCP8.5, the higher are the CVs, the faster does the reliability index decline with time. Figure 12 shows the effects of climate change on the time-dependent reliability indexes predicted at the RC girder bottom and top with tensile and compressive fatigue damage, respectively. Through comparing the cases under 2013 climate conditions, RCP4.5 and RCP8.5 with the same CV, it is found that the more severely the climate changes, the faster the reliability index drops with time. This is caused by the fact that the severer the climate change, the higher the annual mean values of temperature and CO2 concentration, which undoubtedly lead to deeper carbonation depths given the same exposure time. Moreover, under the same climate condition, the variations of the environmental actions have noticeable effects on the time-dependent reliability indexes. As shown by Figure 12 , no matter it is at the girder bottom or top, under the same climate condition, either 2013, RCP4.5 or RCP8.5, the higher are the CVs, the faster does the reliability index decline with time. With time-varying reliability indexes, the service life can be identified at girder top and bottom under different climate conditions. Table 6 shows the service life of the RC girder with reliability indexes of 1, 1.5 and 2, corresponding to low, medium and high reliability levels, respectively. As shown by each column of Table 6 , the higher the reliability level, the shorter the service life. The service life under reliability level of 2 is usually around half of that under reliability level of 1. Moreover, under the same climate condition and reliability level, the CVs of environmental actions have obvious influences on the service life. With CVs of environmental actions increasing from 0.15 With time-varying reliability indexes, the service life can be identified at girder top and bottom under different climate conditions. Table 6 shows the service life of the RC girder with reliability indexes of 1, 1.5 and 2, corresponding to low, medium and high reliability levels, respectively. As shown by each column of Table 6 , the higher the reliability level, the shorter the service life. The service life under reliability level of 2 is usually around half of that under reliability level of 1. Moreover, under the same climate condition and reliability level, the CVs of environmental actions have obvious influences on the service life. With CVs of environmental actions increasing from 0.15 to 0.35, the service life decreases 4-15 years or so. In addition, the service life under RCP8.5 is usually much shorter than that under climate condition 2013 without climate change with the same reliability level and CV for environmental actions. For example, the service life under RCP8.5 can be 28 years shorter than that under climate condition 2013 with the same CV of 0.25 and the same reliability level of 1.5 at the girder bottom. These findings have undoubtedly confirmed that climate change has remarkable impacts on the service life of RC bridges and thus it should be properly considered if civil engineers intend to make reliable service life assessments or predictions and schedule timely maintenance in the future. Figure 13 shows the effects of fatigue damage on the time-dependent reliability indexes. Both the reliability index at girder top considering compressive fatigue damage and that at girder bottom considering tensile fatigue damage decline much faster than the reliability index without considering fatigue damage, showing noticeable influences of fatigue damage on the time-dependent reliability indexes. Moreover, the reliability index at girder top considering compressive fatigue damage drops much faster with time than that at girder bottom considering tensile fatigue damage. This may be caused by the fact that the stresses borne by concrete at top are much larger than those at bottom (as shown by Figure 6 ), which may lead to a severer fatigue damage at the top as compared to that at bottom. Hence, the carbonation depth may develop much faster in the compressive top than in the tensile bottom, which can be substantiated by certain cases in our previous test results [17] . As a result, the faster carbonation evolution at top certainly causes a faster drop of the reliability there than that at bottom given the same other conditions. In addition, the variations of fatigue creep model parameters a 0 /b 0 and moment induced by traffic loads show very limited influences on the time-dependent reliability indexes, as demonstrated by the nearly overlapped time-dependent reliability index curves with different CVs illustrated in Figure 13 . Tables 7 and 8 show the effects of fatigue damage on the service life of RC girders under different reliability levels. Corresponding to nearly overlapped time-dependent reliability index curves, the service life is almost the same under the same reliability level among three different cases of CVs of fatigue creep model coefficients and M L . As shown in Tables 7 and 8, the service life differences among three different CV cases do not exceed 2 years at girder bottom and top. However, the service life at girder top considering compressive fatigue damage can be 49% shorter than that without considering fatigue damage under the reliability level of 1.5. Moreover, under the same reliability level of 1.5, the service life at girder top can be 25 years shorter than that at girder bottom due to the fatigue damage differences. These findings demonstrate the remarkable influences of fatigue damage on the service life predictions for RC bridges.
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tensile bottom, which can be substantiated by certain cases in our previous test results [17] . As a result, the faster carbonation evolution at top certainly causes a faster drop of the reliability there than that at bottom given the same other conditions. In addition, the variations of fatigue creep model parameters a0/b0 and moment induced by traffic loads show very limited influences on the timedependent reliability indexes, as demonstrated by the nearly overlapped time-dependent reliability index curves with different CVs illustrated in Figure 13 . Note: ND denotes non-damaged case. Figure 14 depicts the effects of concrete cover thickness on the time-dependent reliability indexes. Obviously, the concrete cover thickness poses noticeable influences on the time-dependent reliability indexes. The thicker the concrete cover, the more slowly the reliability index declines with respect to exposure time at either girder top or bottom. With the time-dependent reliability indexes in cases of different concrete cover thicknesses, the service life under different reliability levels can be predicted as shown in Table 9 . Under the same reliability level at either girder top or bottom, a thicker concrete cover leads to a much longer service life. For example, under the reliability level of 1.5, the service life at girder top with concrete cover thickness of 45 mm can reach 2.6 times that with concrete cover thickness of 25 mm. That is, the concrete cover thickness can have very remarkable influences on the service life of RC bridges subjected to carbonation. Figure 15 delineates the effects of concrete grade on the time-dependent reliability indexes. Obviously, a lower concrete grade contributes to a faster drop of the reliability index with respect to exposure time. Concrete of higher grade usually has a smaller porosity and higher concentrations of carbonatable constituents (see Table 4 ) which result in a slower development of carbonation depth as shown in Equation (1) . Moreover, concrete of higher grade usually has larger elastic modulus and strength (see Table 4 ), which cause smaller residual strains given the same axial load and moment on the cross section, as indicated by the fatigue damage prediction model presented in Section 5. That is, the fatigue damage develops more slowly in concrete with a higher grade, leading to a slower development of carbonation depths in concrete with a higher grade. All in all, because of these reasons, the reliability index in concrete with a higher grade usually decreases more slowly than that in concrete with a lower grade. Table 10 shows the effects of concrete grade on the service life predictions under different levels of reliability. Under the same reliability level, the higher the concrete grade, the longer the predicted service life. For example, at the girder top, the service life of C50 concrete can reach 2-3 times that of C30 concrete, demonstrating the very remarkable effects of concrete grade on the service life predictions. Figure 15 delineates the effects of concrete grade on the time-dependent reliability indexes. Obviously, a lower concrete grade contributes to a faster drop of the reliability index with respect to exposure time. Concrete of higher grade usually has a smaller porosity and higher concentrations of carbonatable constituents (see Table 4 ) which result in a slower development of carbonation depth as shown in Equation (1) . Moreover, concrete of higher grade usually has larger elastic modulus and strength (see Table 4 ), which cause smaller residual strains given the same axial load and moment on the cross section, as indicated by the fatigue damage prediction model presented in Section 5. That is, the fatigue damage develops more slowly in concrete with a higher grade, leading to a slower development of carbonation depths in concrete with a higher grade. All in all, because of these reasons, the reliability index in concrete with a higher grade usually decreases more slowly than that in concrete with a lower grade. Table 10 shows the effects of concrete grade on the service life predictions under different levels of reliability. Under the same reliability level, the higher the concrete grade, the longer the predicted service life. For example, at the girder top, the service life of C50 concrete can reach 2-3 times that of C30 concrete, demonstrating the very remarkable effects of concrete grade on the service life predictions. Under the same reliability level, the service life under RCP8.5 is usually much shorter than that under the climate condition without climate change. For example, the service life under RCP8.5 can be 28 years shorter than that under no climate change condition with the same CV of 0.25 and the same reliability level of 1.5 at the RC girder bottom. This informs civil engineers and practitioners that the effects of climate change should be properly considered when the remaining service life of RC bridges in the future is concerned. 3. Fatigue damage has noticeable effects on the service life of RC bridges. The service life at girder top considering compressive fatigue damage can be 49% shorter than that without considering fatigue damage under the reliability level of 1.5. Moreover, under the same reliability level of 1.5, the service life at girder top can be 25 years shorter than that at girder bottom due to the fatigue damage difference. However, the effects of variations of fatigue creep model parameters and fatigue load on the service life are limited. This finding tells the designers that the service life assessment or prediction for RC bridges should be associated with the mechanical analysis; otherwise, ignoring the effects of fatigue damage induced by repeated loads will greatly overestimate the service life. 4. A thicker concrete cover leads to a slower drop of reliability index with respect to exposure time.
Effects of Concrete Cover Thickness
Under the reliability level of 1.5, the service life at girder top with concrete cover thickness of 45 mm can reach 2.6 times that with concrete cover thickness of 25 mm. Obviously, a thicker concrete cover thickness should be an effective choice to achieve a longer service life. 7. Conclusions
1.
The higher the required reliability level, the shorter the service life. The service life under reliability level of 2 is usually around half of that under the reliability level of 1. Time-dependent reliability curves allow the designers or stakeholders to schedule the maintenance at different service times under different anticipated reliability levels.
2.
Climate change has remarkable influences on the service life of RC bridges. The more severely the climate changes, the faster the reliability index drop with respect to exposure time. Under the same reliability level, the service life under RCP8.5 is usually much shorter than that under the climate condition without climate change. For example, the service life under RCP8.5 can be 28 years shorter than that under no climate change condition with the same CV of 0.25 and the same reliability level of 1.5 at the RC girder bottom. This informs civil engineers and practitioners that the effects of climate change should be properly considered when the remaining service life of RC bridges in the future is concerned.
3.
Fatigue damage has noticeable effects on the service life of RC bridges. The service life at girder top considering compressive fatigue damage can be 49% shorter than that without considering fatigue damage under the reliability level of 1.5. Moreover, under the same reliability level of 1.5, the service life at girder top can be 25 years shorter than that at girder bottom due to the fatigue damage difference. However, the effects of variations of fatigue creep model parameters and fatigue load on the service life are limited. This finding tells the designers that the service life assessment or prediction for RC bridges should be associated with the mechanical analysis; otherwise, ignoring the effects of fatigue damage induced by repeated loads will greatly overestimate the service life.
4.
A thicker concrete cover leads to a slower drop of reliability index with respect to exposure time. Under the reliability level of 1.5, the service life at girder top with concrete cover thickness of 45 mm can reach 2.6 times that with concrete cover thickness of 25 mm. Obviously, a thicker concrete cover thickness should be an effective choice to achieve a longer service life.
5.
The higher the concrete grade, the longer the predicted service life. At the girder top, the service life of C50 concrete can reach approximately 2-3 times that of C30 concrete under the same reliability level. Likewise, a higher concrete grade should be another effective measure to achieve a longer service life. 
